The foaming process of an aqueous liquid system with surface active agents and thickeners in a rotor-stator mixer has been studied.
Kurzfassung

Introduction
Rotor-stator mixers are used for on-line production of colloidal gas-liquid dispersions called foams. In this article, the study of the influence of the hydrodynamics in a rotor-stator mixer on the foaming process will be described.
One of the uses of rotor-stator mixers is in the production of foam, which is used as an intermediate to apply chemicals on porous materials (textiles, carpets, non-wovens).
By using foam as the application medium, the quantity of solvents necessary to achieve a homogeneous distribution can be considerably reduced. Consequently, the costs of drying after the application process can be reduced [l-3].
In the rotor-stator mixer, a gas phase and a liquid phase containing surfactants are mixed by the applied kinetic energy. Rotor-stator mixers are continuous mixers with a relatively small mixing volume and a large mixing intensity. Foams are also produced in static mixers. In a rotor-stator mixer the energy is supplied by the rotation pins in the foam phase; in the static mixer the energy dissipation is determined by the pressure drop which arises in the mixing column as a result of the flow of gas and liquid. The quantity of energy supplied in the static mixer, and therefore the foam structure obtained depend, however, on the foam production rate. Rotor-stator mixers can be utilized over a greater production range, and can, in general, also be applied over a larger range of liquid systems to be foamed, in particular systems with a high liquid viscosity.
In this article, the following aspects of the foaming process will be discussed. In the first part, a general characterization of the mixing process and an overview of the varied parameters with respect to the geometry in the mixer and the liquids used will be given. In the second part, the hydrodynamics and the energy dissipation in the mixer will be evaluated more closely. In the third part, the hydrodynamics are related to the foaming rate for the diverse liquid systems. Finally, the influence of a number of variations of the mixer geometry on the hydrodynamics and the foaming process will be discussed.
Overall description of foam generation in rotor-stator mixers
Foamability and foam stability
Foams are colloidal gas emulsions, the gas being the dispersed and the liquid the continuous phase. In particular, gas emulsions having a high volume fraction of gas (SO-> 90 vol.%) are called foams. The structure of foam may be characterized by the blow ratio, which is the volumetric gas/liquid ratio, and the bubble size distribution.
Owing to the high surface energy and under the influence of the gravitational field, foams are thermodynamically unstable. The deterioration of the foam is caused by a number of different mechanisms [46] : firstly, by drainage under the influence of gravity, complete separation between the liquid and the foam structure occurs; secondly, by diffusion of the gas via the lamellae from small to relatively large bubbles owing to the pressure difference between them, a steady increase in the bubble size results; thirdly, by coalescence of bubbles or destruction of the lamellae an increase in the bubble size occurs.
The rate of destabilization of foam is greatly dependent on the bulk and surface-active properties of the liquid applied, on the structure of foam, and on the external mechanical or thermal conditions. Foamability is a term which indicates the ease of formation of foam from a gas and a liquid when a given amount of kinetic energy is supplied. In the literature, different laboratory tests are described to measure the foamability of a given product system. The translation and applicability of these results to the mixing process in a rotor-stator mixer are rather poor [6] . Foamability is not only dependent on the properties of the product system used (gas, liquid, tensides, additives) but also on the process conditions applied in the mixer. That is why foamability has to be considered as a process relationship between product system and mixing equipment, so it will be represented here by a mixing characteristic for the foaming process in a rotor-stator mixer.
Foamability may be described as the net result of distribution of the gas over the foam phase and the ability to stabilize the structure formed under dynamic conditions.
The mechanism of destabilization under dynamic conditions (that is, during the generation in the mixer) is quite different from destabilization under static conditions.
The mixing process can be characterized by the blow ratio and bubble size distribution of the foam produced. The blow ratio can be determined directly from the ratio of the gas and liquid flow rates supplied to the mixer. The mixing capacity is determined by the region utilized by the flow rates in which the supplied gas and liquid flows are mixed to one homogeneous foam. The boundaries of the working area of the flow rates of the mixing process may be viewed as a measure of the foamability given the pertaining process conditions,
The bubble diameter distribution of the foam is the second process-determining parameter. This parameter is mainly determined by the shear forces in the mixer and can be described by the Weber number [7] . The influence of the hydrodynamics on the working area of the mixing process will be considered in more detail in the following discussion.
Mixer geometry
The investigations on foam production were carried out in a so-called rotor-stator mixer. The mixing chamber consists of an annular space between a stationary shell and a rotating shaft. In the annular space a number of mixing cells are formed by rotor elements fixed on the rotating shaft and stator elements connected to the shell of the mixer. The mixing elements each have a number of pins evenly distributed over their periphery. The mixing space depends on the number of rotor-stator elements installed in the mixer and is easily changed by variation of that number. When decreasing the number of mixing cells, small blocks were used to fill up the space between the adjacent cells.
An elementary mixing cell consisting of one rotor and one stator device will be defined as one rotorstator unit.
In the mixer used, gas and liquid are continuously fed to the mixer at one side and the foam is removed from the mixer at the opposite side. A cross-section 147 of the mixer is represented in Fig. 1 . The construction of part of the rotor-stator unit is given in Fig. 2 . In the experiments, different variations of the dimensions of the elementary unit have been studied. Geometry 1 is the basic geometry, from which the different variations were studied. The dimensions varied are the distance between the rotor and the stator pin, p, the height of a rotor and stator pin, q, the number of pins on a rotor, i, and the diameter of the annular space, L. The total mixing volume of the different geometries was kept nearly the same. The different dimensions of the mixers used are given in Table 1 . The mixers which were studied are smaller than those used in industry. Our mixers have a smaller diameter D and fewer rotor-stator units h. The other geometrical dimensions are the same as for industrial mixers [ 81.
The product systems
In the experiments, air was used as the gas phase, and water with additional compounds was used as the liquid phase. A constant concentration of tenside and a varying concentration of thickener were applied to the water phase. Two different products were used as the surfactant, Diphasol EA/VA (1.5% Diphasol EA, 1% Diphasol VA, 0.1% acetic acid) and lauryl sulphate ( 1%). Diphasol EAjVA is a tenside mixture from Ciba Geigy with intermediate foaming properties; lauryl sulphate is a tenside with a much stronger foaming capacity.
As a thickener, Solvitose Fn (a starch ether) was used and added in different concentrations.
The different product formulations are given with their respective codes in Table 2 . corresponding point on the mixing characteristic. For the example in Fig. 3 the maximum blow ratio for relatively low values of liquid flow is constant, being of the order of 4; at higher flows the maximum blow ratio decreases at increasing values of FL.
Focusing on mixer pressure, it can be stated that, owing to pressure losses in pipes and fittings, foam generation takes place under a given over-pressure. Therefore the blow ratio in the mixer is substantially lower than the blow ratio at the end of the piping system where the gas is expanded to atmospheric pressure. Under the circumstances in our experiments, the expansion of the gas phase may be calculated by assuming the gas is a compressible ideal gas and the liquid is incompressible [7l. If the foam in the mixer at a pressure P,,, is expanded to a foam with a blow ratio BO and a pressure PO, then the blow ratio in the mixer can be calculated by 
The mixing characteristic
Foamability of a given liquid system in a rotorstator mixer is limited by the maximum amount of gas per amount of liquid which can be dispersed to a homogeneous foam. Exceeding the maximum gas flow leads to a heterogeneous foam in which large bubbles of unmixed gas are observed; the pertinent phenomenon is called blow-by. The performance of a foam mixer may be expressed in a mixing characteristic in which the actual gas flow FG is given as a function of the liquid flow FL. The mixing characteristic can be defined as the FG versus FL boundary curve below which a homogeneous foam is produced and beyond which blowby is observed. As already mentioned before, the mixing characteristic is not only a measure of mixer performance but is also greatly dependent on the product system properties. An example of a mixing characteristic is given in Fig. 3 .
The mixing characteristic is determined experimentally by slowly increasing the gas flow at different, but for each experiment fixed, values of the liquid flow. The transition of a homogeneous to a heterogeneous foam is easily observed visually, giving rise to a point on the mixing characteristic for each set of experiments. The maximum blow ratio for a given liquid flow may be determined from the Thus the capacity of the foam mixer may be increased substantially if the foaming process is carried out under a certain over-pressure. In a mixing characteristic the actual maximum gas flow (1 mini at P,,,) is given as a function of FL. The mixing characteristic is therefore independent of mixer pressure and for practical use the maximum foaming capacity can be calculated with eqn. (1) and the mixing characteristic.
Given a certain set of mixing conditions and the product system, the mixing capacity can be represented by a mixing characteristic. The mixing characteristic is an overall quantity of the mixing process. In the following paragraphs, the mixing process will be discussed in more detail.
Hydrodynamics
Energy consumption in rotor-mixer stators
In the annular mixing space a gas and a liquid are converted to a homogeneous foam flow. By closely observing the distribution of the gas and liquid phases in the mixer under stationary process conditions, the following mechanism of dispersion can be recognized (see Fig. 4 ).
It is more accurate to speak of a gas phase and a foam phase in the mixer, than of a gas phase and a gas liquid liquid phase. As a result of the centrifugal field in the mixer, the air collects as a thin air conus around the shaft. The rest of the annular space is filled with the foam phase, wtiich moves more or less as a plug flow through the mixer in the axial direction. The mixing process consists of dispersing air from the gas conus into the foam phase. The blow ratio of the foam increases from the bottom to the top of the mixer, since each rotor-stator unit disperses an additional amount of air in the foam. The number of rotorstator units over which the gas conus extends depends on the mixing capacity of each rotor-stator unit and the quantity of gas supplied. If the gas flow is rather small, the gas conus extends only over a few rotor-stator units. The blow ratio of the foam will change over a limited number of rotor-stator units 149 and then remain constant, since no additional air will be dispersed. If the supplied gas flow is large, all the rotor-stator units combined will be unable to disperse the gas. The air conus then extends to the top of the mixer, and non-dispersed air leaves the mixer (blow-by).
The mixing of air from the gas conus occurs by the dispersion of air from a cavity behind the rotor pins. As a result of the rotation of the rotor pins, a local under-pressure occurs at the back of the rotor pins. The gas flows from the gas conus to the cavity behind the rotor pins and is dispersed in the foam phase.
As well as the mixing of air into the foam, the bubble size of the dispersed air is decreased. The reduction in bubble size is primarily due to the shear forces which occur in the homogeneous foam phase. The equilibrium mean bubble diameter may be calculated with the critical Weber number [7] .
The mixing capacity of each rotor-stator unit differs considerably. Two reasons can be pointed out. First, a change in blow ratio changes the effectiveness of air dispersion as a result of the altered stability of the foam. In general, the mixing capacity decreases with an increase in blow ratio. Eventually, the demixing rate will be nearly equal to the mixing rate, defining the maximum blow ratio in the mixer. Second, the hydrodynamics will change strongly as a result of the change in blow ratio. A change in the hydrodynamics will lead to a change in the mixing capacity of a rotor-stator unit. In units as a function of the mixer height can be calculated. This has been done for two different liquid flows, and is given in Fig. 6 . The path of the curve has been confirmed with samples taken from different locations in the mixer during foam production.
Since the blow ratio, and also the foam viscosity, will change considerably over the mixer height, the hydrodynamic behaviour of the foam will also change substantially over the mixer height. It is therefore necessary to study the mixing process in more detail.
The mixing in one rotor-stator unit is governed by the local process conditions.
The mixing as a whole may then be viewed as a summation of the individual elements.
In relation to the parameters which determine the mixing in each mixing section, the following three comments may be made.
(1) In the rotor-stator unit, three velocities may be distinguished: the tangential velocity of the rotors, the axial velocity of the gas and foam phase, and the radial velocity of the foam phase between the rotors as a result of the centrifugal field.
Since the tangential velocity of the rotors is many times larger than the axial velocity of the gas and foam phase, the hydrodynamic behaviour is primarily determined by the velocity of the rotors. From the fact that when the number of rotor-stator units is increased the foaming capacity increases proportionally [8], it may be deduced that the axial dispersion does not substantially influence the hydrodynamics of the mixing process.
The velocity in the radial direction, resulting from the centrifugal field, causes a circulatory flow between rotor and stator. It seem that this circulation is of particular importance in keeping the foam phase homogeneous in the radial direction.
It will become clear that the foaming process is determined largely by the hydrodynamics, which can be characterized by the dimensionless Reynolds number, based on the rotor velocity and the properties of the foam phase.
(2) Even though in most cases the axial mixing of the foam flow is rather limited and the flow may be described with a plug flow model, the limited axial mixing may have a major influence on the mixing process. The axial mixing decreases the range of the blow ratios present in the mixer. A change in the blow ratio range will cause a change in the range over which the Reynolds number varies in the mixer. In some cases, this just may or may not shift the flow to an unfavourable flow regime. We shall return to this phenomenon later. The rate of backmixing in the rotor-stator mixer during production also depends on the location in the mixer, since the axial velocity of the foam flow increases over the mixer height. The axial backmixing may be characterized by the residence time distribution occurring in the flow of a liquid or foam phase through the mixer. The axial dispersion may be represented either by the Bodenstein number or by a cascade of n .ideally stirred tank reactors in series [9] . A measured number for ideally stirred tanks varies from f 2 to k 8. The number of ideally stirred tanks increases with increase in flow rate, blow ratio and viscosity and decrease in rotational speed.
(3) The variables which are of primary importance in studying the mixing process per section are the geometry of the unit cell, the rotational speed, and the properties of the homogeneous foam phase at the given local blow ratio. The local foaming capacity, which is determined by the hydrodynamics and the stability properties of the foam, will primarily be a function of these properties. The hydrodynamics in particular will be described in more detail and will be characterized by power measurements.
Energy dissipation in rotor-stator mixers
Power input to mixers for the production of foam is an important design parameter and can also be used to characterize the hydrodynamics in the mixer. It is generally determined by measuring the torque of the shaft between motor drive and mixing apparatus. Power input is calculated from the torque by multiplying by the rotational speed N:
PO = 2nNT (2)
It is well known that power consumption in continuous mixing can be expressed by the dimensionless power number Ne (Newton number):
The Newton number depends on the Reynolds number Re = pND'/q (4)
The Newton-Reynolds relation may therefore be expressed as Ne = f( Re) (
Relation (5) depends on the flow region, and is therefore different for the laminar and turbulent regions. In our investigation, the procedure in establishing the Newton-Reynolds relationship for foams in rotor-stator mixers was as follows. (1) Measurements of power inputs were carried out on the geometries l-8 using glycerol-water mixtures of different viscosities. All the experiments were evaluated, and the results were correlated into one Newton-Reynolds relation. (2) The mixers were flooded with homogeneous foam, and measurements of power inputs were carried out again. Based on the results, a relationship between the flow of foam and the flow of a Newtonian glycerol-water mixture could be determined [7] .
(3) With a knowledge of the foam density and the foam viscosity, the actual energy dissipation was calculated based on steps (1) and (2). Also, the hydrodynamics was determined by calculating the Reynolds number for a given location in the mixer.
The Newton-Reynolds equation for glycerolwater mixtures
To measure the energy input in a rotor-stator mixer, diverse glycerol-water mixtures were used. The parameters varied in the experiments were: liquid viscosity (ye, = 1.5 Pas, v2 = 0.15 Pa s, qj = 0.02 Pa s, Q = 0.002 Pa s); rotational speed (5O(t 2500 rev min-'); mixer geometry (geometries l-g, see Table 2 ).
Based on the results of these measurements, the definitions of the Newton and Reynolds numbers were adapted to the geometry of the mixer. A correlation factor f was introduced to describe the Reynolds number independent of the geometry:
Re* = p,NDp/q (7)
The Reynolds number may also be written as Re = Re*/f. Subsequently, the Newton number was plotted against Re. The resulting graph is shown in Fig. 7 . A distinction between the laminar and turbulent regions of flow may now be made.
In the turbulent region, the following relation holds:
Ne= 17 for Re > 0.1
In the laminar region, Ne=Re-' for Re < 0.02 (10)
In the region 0.02 < Re < 0.1, the flow changes from turbulent to laminar. The measurements give rise to the following conclusions with respect to the dependence of the power consumed and the mixer geometry.
(i) The power dissipated in the liquid in the turbulent region is proportional to: -the number of rotor-stator units, h; ~ the number of pins on a rotor--stator unit, i; _ the facial area of a rotor pin, Lq.
The power is independent of the distance between a rotor and stator pin, p.
The relationship thus determined is approximately analogous to the relationships valid for Rushton turbine stirrers [lo] .
(ii) In the correlation of the results in the laminar region, two terms which contribute to the energy dissipation were combined: calculation, while the constant in eqn. (11) is fit based on the measurements.
From the correlated equation in the laminar region it becomes evident that the power consumed by the liquid is: ~ proportional to the number of rotor-stator units, h; -nearly proportional to the number of pins on a rotor per rotor-stator unit (the pins on a rotor have a limited influence on each other (see Fig. 7) ); -dependent on the pin height q, the distance p between the rotor and stator, and the width of a pin 0.
Flow of foam in a rotor-stator mixer
The flow of foam in a rotor-stator mixer can be described by the Newton-Reynolds relation, when certain adjustments are made to the Newton and Reynolds numbers: _ for the foam density, the mean density of the homogeneous foam phase must be used [ 71; _ for determining the correct apparent viscosity of the foam, the following procedure may be followed.
The rheology of the foam may be described by means of the power law [ll] . This results in the following relation giving the apparent viscosity as a function of the shear rate: 9 = kD,"-'
Subsequently, a mixer constant is defined which gives the relation between the mean shear rate in the mixer and the rotational speed of the mixer [A. Now the apparent viscosity in the mixer may be calculated as
By measuring the mixer number K for each geometry according to the method described by Metzner and Otto, the Newton-Reynolds relation becomes suitable for pseudoplastics, such as foams 17, 121.
The mixer constants K were determined experimentally for the different geometries, and are given in Table 3 . The margin of error ( + 30%) at the end of the entire experimental procedure leads to mixer constants with limited accuracy. This results in an error of about 15% when the Reynolds number is calculated using a fluid with an n-value of 0.5. In an operating foam mixer, the blow ratio of the foam mixer will vary over the mixer height. The Reynolds and Newton numbers therefore have to be locally defined, and the overall energy dissipation is the summation of the energy dissipations in each rotor-stator unit. The Newton and Reynolds numbers can only be calculated if knowledge concerning the change of the foam density and foam viscosity over the mixer height is available. It is therefore only possible to characterize the Reynolds numbers after measurements are taken. The relation between the rheology and the foam structure must also be known prior to characterization.
The rheology is primarily determined by the blow ratio, the bubble diameter distribution, and the viscosity of the liquid used [ 111. The assumption is made that the presence of a continuous gas phase during process conditions influences the Newton and Reynolds numbers only to a negligible extent.
The influence of the flow behaviour on the foaming process
General
The rate of foam formation appears to depend strongly on the local flow behaviour in the mixer. In this section, the foaming process will be analysed with regard to the hydrodynamics appearing in the mixer. The range covered by the Reynolds number depends on the process variables primarily involved. When the mixer geometry and rotational speed are fixed, the change in Reynolds number over the mixer height will depend on the viscosity of the liquid or the dispersion, the rate of the foaming process, and the flow rates of the gas and liquid feeds. The Reynolds numbers can only be determined if the properties of the foam in the mixer are known.
The following overview is deduced from a great number of mixing characteristics measured under various process conditions, and from the investigation of the two-phase flow in a Perspex, one rotormixer unit. By observing the stationary behaviour of flow in a Perspex, one rotor-mixer unit, the formation of an air conus and a cavity in the back of the pins could be visualized (for the geometry of the one rotor-mixer, see ref. 7). It appeared that the mechanism of foam formation, and the influence of the process parameters such as rotational speed and mixer geometry, strongly depend on the values of the Reynolds numbers. A distinction can be made between the mechanism of dispersion appearing in the turbulent region and that appearing in the laminar region. The mechanism of dispersion in the turbulent region is dominant primarily at Reynolds numbers O.llO.2 and upwards, and that in the laminar region primarily at Reynolds numbers less than 0.015+0.03. In considering the complete Reynolds region, three flow regions can be distinguished, as shown in Table 4 .
In this research, the rate of foam formation as a function of the various process parameters has been studied phenomenologically, and no description is made of the exact flow as a function of the different process parameters.
We shall limit ourselves to a short characterization of the two types of dispersion mechanism that can appear, and the influence of the various process parameters on the dispersion (such as rotational speed and mixer geometry). The rate determining step seems to be the rate at which air from the cavity behind the pins can be dispersed in the foam phase.
Laminar dispersion
From the cavity at the back of the pins, gas is dispersed into the foam phase. The flow around the rotor pins receives, as a result of the presence of the stator pins, a pulse. Because of the pulsed flow, the cavity at the back of the pins therefore depends on the position of the rotor with respect to the stator. If the cavity increases, air is fed to it from the air conus around the central axis. When a rotor pin passes a stator pin, a fraction of the air from the cavity will be dispersed in the foam phase. At a Reynolds number larger than 0.02, the force applied to the bubble is insufficient to achieve fractionation. An increase in rotational speed leads to a greater rate of dispersion under the laminar flow conditions. Furthermore, this view gives a satisfactory answer to the differences in dispersion in the laminar region when different mixer geometries are used. In this region of flow the rate of dispersion seems to depend strongly on the distance between the rotors and stators, p. With a decrease in this distance the rate of dispersion increases rapidly, owing to the increased intensity of pulsation of the flow around the rotor pins. The rate of foam formation also increases with decreasing pin height q. This is due to improved flow of the foam around the cavity, allowing better fractionation of the air from the cavity.
Turbulent dispersion
In the turbulent region, the rate of foam formation decreases slightly with increasing rotational speed. The centrifugal field present probably causes the decreasing mixing capacity at higher rotational speeds. The mixing takes place through the formation of a cavity at the back of the pins, from which bubbles are fractionated.
In the absence of a centrifugal field it may be expected that the mixing capacity increases with increasing flow velocity. With an increase in the centrifugal field, however, the cavity will have the tendency to remain around the axis, thus making the fractionation more difficult.
The mixing as described here appears at Reynolds numbers greater than 0.14.2. Around these Reynolds numbers, mixing changes rather abruptly. At Reynolds numbers less than 0.110.2, the rate of dispersion is small, being caused by the appearance of a stagnant cavity at the back of the pins which cannot be broken up and dispersed in the absence of turbulent eddies.
Owing to the influence of the centrifugal field, this transition is not given by one fixed Reynolds number. This transition Reynolds number is, among other things, dependent on the rotational speed. A larger rotational speed results in a larger transition Reynolds number. At a rotational speed of about 1200 rev min-', the transition appears at a Reynolds number of about 0.015.
The foaming capacity is nearly independent of the distance between the rotors and the stators. Obviously the dispersion of the air is determined more by the eddies at the back of the pins than by the pulsation, which appears when a rotor pin passes a stator pin. From the measurements of the rate of foam formation as a function of the pin geometry, it seems that square pins work better than other geometries.
The bad mixing in the transition region is caused by the absence of both mechanisms of dispersion. At both sides of this region, a rather definite transition is found to better mixing.
Examples of the influence of the diverse variables on the mixing characteristic
The influence of a number of variables, such as rotational speed and mixer geometry, as was described earlier, will be explained in more detail with a few examples of liquid systems that are foamed in the rotor-stator mixer (see Table 2 ). Three liquid systems with different viscosities and foaming properties are chosen. The mixing characteristics are determined at rotational speeds of 5& 2500 rev min-'.
(1) With the system Ls-30, the influence of the pin height and the distance between the rotor and stator will be pointed out (the flow region lies in the laminar-transition region). number can be determined from the properties of the foam leaving the mixer, and the maximum Reynolds number can be estimated from the properties of the foam in the bottom of the mixer. The density of the foam in the bottom of the mixer has been measured for a number of cases, and in other cases it was estimated. The estimation is based on the knowledge of the general gradual change of the blow ratio over the entire mixer. The viscosities of the foam in the mixer depend on the viscosities of the liquids used, the blow ratio and the bubble diameter distribution.
They were measured in a coaxial rotational viscosity meter [7] . A number of the experiments performed will be described in more detail.
Foam formation
of Ls-30 in mixer geometry 3 lp = 1 mm, q = 15mm) (Fig. 9) The mixing characteristics of Fig. 9 are typical for a foaming process which lies entirely in the laminar flow region and takes place under laminar conditions. It becomes apparent from Fig. 8 that the Reynolds number in all cases is less than 0.02. With increasing rotational speed, the foam formation increases and all mixing characteristics have more or less similar shapes.
of Ls-30 in mixing geometry 1 @ = 1 mm, q = 3mm) (Fig. 10) The mixer geometry 1 results in a lower mixing capacity for the system Ls-30 than geometry 3. The foaming process takes place entirely in the laminar range FL = 0.2 I min-' ; rotational speed region at small rotational speeds, but shifts with increasing rotational speed towards and into the transition region. For this reason, the mixing characteristics do not follow a path analogous to that in Fig. 9 where the mixing capacity does increase with increased rotational speed. At higher rotational speeds, the mixing process takes place partly in the laminar flow region and partly in the turbulent region. An explanation of the peculiar curve of the mixing characteristic at 2400 rev min ' is the following. At low flow rates, mixing occurs primarily in the laminar region as a result of the rapid increase of the blow ratio in the mixer. At higher flow rates and first in the bottom of the mixer, the flow region changes by shifting to the transition region, where foam formation is much poorer. This decreased rate of foam formation in the bottom of the mixer causes an accelerated approach to the transition region in the remainder of the mixer. This results in the sharp drop in foam formation. (Fig. 11) The mixing capacity of geometry 5 is noticeably lower than the capacities of geometries 3 and 1. The mixing process takes place partly in the transition region. The geometry leads to poor mixing in that part which lies in the laminar region as well as in part which lies in the transition region.
It is evident that the mixing process becomes poorer from Fig. 9 to Fig. 11 . The decrease is due on the one hand to the shift in Reynolds numbers towards the transition region, and on the other hand to the poorer mixing properties of the rotor-stator units with higher pin height q.
of Ls-30 in mixing geometry 4 @ = 2mm, q = 1.5mm) (Fig. 12) The results of the measurements show that the rate of foam formation is less than that with geometry 3 (Fig. 9) . The Reynolds number changes somewhat towards the transition region with an increase in the distance between the rotor and stator pins, but the mixing capacity over the entire flow region in which mixing takes place decreases (transitional and laminar flow). The mixing effectiveness decreases strongly with increased pin distance p.
of Di-40 and Di-0 in mixing geometry I
The Reynolds ranges of both foaming processes are given in Fig. 8 . The corresponding mixing characteristics are not represented in this article (see ref. 13 ). System Di-40 foams worse than system Ls-30. 
